We isolated the cortical microtubules (CMTs) from tobacco BY-2 cells to identify their components. By centrifugation of protoplasts homogenized in the presence of taxol, a MT-stabilizing reagent, in a density gradient of Percoll, we obtained membranous vesicles to which MTs forming a sheet-like bundle were attached. Rhodamine-conjugated Ricinus communis agglutinin I (RCA-I), a lectin that bound to the surface of protoplasts, stained these vesicles, indicating that they were plasma membrane ( 
Introduction
Cortical microtubules (CMTs) of higher plant cells are thought to control cell shape through controlling of the direction of cellulose microfibril deposition, and the organization of CMTs is known to be regulated by several internal and external factors (Ledbetter 1976 , Hogetsu and Oshima 1986 , Iwata and Hogetsu 1989 , Laskowski 1990 , Shibaoka 1991 , Williamson 1990 , Zandomeni and Schopfer 1993 . However, the regulatory mechanism of the organization of CMTs is still unknown.
In animal cells, pivotal roles of microtubule-associated proteins (MAPs) in the regulation of microtubule organization have been elucidated (for a review, Wiche et al. 1991) . Efforts have been concentrated into identifying plant MAPs to understand the organization of MT structures in plant cells, such as CMTs, preprophase bands and phragmoplasts (Gunning and Hardham 1982) . Electron microscopic studies have repeatedly demonstrated the presence of cross-bridge structures between CMTs and the plasma membrane (PM), and between neighboring MTs (Hardham and Gunning 1978 , Seagull and Heath 1980 , Lancelle et al. 1986 , Giddings and Staehelin 1988 . Such structures are thought to correspond to MAPs responsible for the organization of CMTs, but they remain to be characterized biochemically. Although polypeptides with MT-binding ability have been reported (Cyr and Palevitz 1989 , Maekawa et al. 1990 , Vantard et al. 1991 , Jablonsky et al. 1993 , Schellenbaum et al. 1993 , Jiang and Sonobe 1993 , Nick et al. 1995 , Marc et al. 1996 , Chan et al. 1996 and some of them have been proven to colocalize with CMTs (Jiang and Sonobe 1993 , Nick et al. 1995 , Marc et al. 1996 , Chan et al. 1996 , Rutten et al. 1997 , the structural relationship between these polypeptides and CMTs is not clear.
One of the best approaches to identify protein components involved in a specific structure is mass isolation of the structure. Because CMT is a structure bound to PM, we decided to isolate PM that retained CMTs. However, conventional methods for the preparation of PM, such as the twophase partition method (Larsson 1985) in which PM is exposed to low temperatures for a long time, are not suitable for the preparation of PM that retains CMTs which are known to be labile at low temperatures. Therefore, we employed a condition under which CMTs were stabilized, namely, homogenizing protoplasts in the presence of taxol, an MT-stabilizing reagent, and prepared PM vesicles at room temperature.
Materials and Methods

Cell culture
Tobacco BY-2 cells were cultured and maintained according to Nagata et al. (1981) . Five-day-old cells were used for PM preparation.
Isolation of PM vesicles
Cells were treated with a solution that consisted of 1.5% Sumizyme C (Shin-Nihon Kagaku Industries Ltd., Anjo, Japan), 0.15% Sumizyme AP-2, and 0.45 M mannitol, pH 5.5, at 30°C for 90 min to obtain protoplasts.
Protoplasts obtained from 20-30 g of cells were washed three times with 0.6 M mannitol and homogenized in 20 ml of a buffer con-taining 50 mM piperazine-N,N¢-bis(2-ethanesulfonic acid) (PIPES) buffer, pH 7.0, 1 mM MgCl 2 , 5 mM ethylene glycol-bis(b-aminoethyl ether) N,N,N¢,N¢-tetraacetic acid (EGTA), 10% sucrose (PMES buffer) supplemented with 10 mM taxol (Wako Pure Chemical Industries Ltd., Osaka, Japan), 4 mM dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF) and 50 mg ml -1 leupeptin, with a Dounce homogenizer equipped with a pestle A (tight) by 25-30 strokes. The homogenate was then mixed with 40 ml of a Percoll solution (25% Percoll (Amersham-Pharmacia Biotech AB, Uppsala, Sweden), 25 mM PIPES buffer, pH 7.0, 5 mM EGTA, 10% sucrose, 2 mM DTT, 1 mM PMSF and 50 mg ml -1 leupeptin) and centrifuged at 10,000´g for 60 min. Usually, homogenates of protoplasts formed four layers in the Percoll solution after centrifugation and PM vesicles were recovered from the second layer. PM vesicles were washed twice with PMES buffer. PM vesicles were prepared at room temperature or 25°C.
Isolation of CMTs from PM vesicles
CMTs were isolated from PM vesicles. PM vesicles were suspended in 8 ml of PMES buffer supplemented with 0.1 M NaCl, 4 mM DTT, 1 mM PMSF, 50 mg ml -1 leupeptin and 10 mM taxol and solubilized by adding Triton X-100 at the final concentration of 1%. Solubilized PM vesicles were overlayed on a glycerol cushion that contained 50% glycerol, 50 mM PIPES buffer, pH 7.0, 5 mM EGTA, 2 mM MgCl 2 and 10 mM taxol and centrifuged at 14,600´g for 5 min to collect CMTs.
Isolated CMTs were purified by temperature-dependent disassembly-reassembly cycling of MTs (cycled CMTs). Isolated CMTs were suspended in MT-depolymerizing buffer (50 mM PIPES buffer, pH 7.0, 3 mM CaCl 2 , 2 mM MgCl 2 , 0.6 M KCl, 1 mM GTP, 1 mM PMSF and 1 mM DTT) and incubated for 1 h on ice. The sample was then centrifuged to obtain MT proteins in the supernatant. After dialysis against PMES buffer for 2 h, 20 mM taxol was added to reassemble MTs. Reassembled MTs were extracted with PMES buffer supplemented with 0.6 M KCl to dissociate MAPs from CMTs.
Electron microscopy
BY-2 cells, PM vesicles, isolated CMTs and cycled CMTs were fixed with 2.5% glutaraldehyde in 50 mM cacodylate buffer, pH 7.0, and then 2% OsO 4 in 50 mM cacodylate buffer, pH 7.0. Samples were dehydrated, embedded in Spurr's resin, and sectioned and stained with uranyl acetate followed by lead citrate. For negative staining of PM vesicles, PM vesicles treated with1% Triton X-100 were placed on copper grids and stained with uranyl acetate.
Lectin binding assay
To distinguish membrane vesicles derived from PM, we used fluorescein-conjugated lectins (lectin kit FLK-4100 and 3100, Vector Laboratories, Inc., Burlingame, CA, U.S.A.). Among several kinds of lectins, Ricinus communis agglutinin I (RCA-I) was found to strongly bind to the outer surface of PM of BY-2 protoplasts.
Protoplasts of BY-2 cells suspended in 0.6 M mannitol were incubated with 1/500 volume of Rhodamine-conjugated RCA-I, for 5 min and washed with 0.6 M mannitol. Fractions obtained by centrifugation in the Percoll solution were washed with 0.6 M mannitol and then stained with Rhodamine-RCA-I as described for protoplasts.
Electrophoresis and Western blotting
Polypeptides contained in the isolated CMTs were examined by sodium dodesylsulphate-polyacrylamide gel electrophoresis (SDS-PAGE) according to Laemmli (1970) and by Western blotting according to Towbin et al. (1979) after SDS-PAGE. Blotted polypeptides were examined by incubation with anti-chick a-tubulin (Amersham International plc, Amersham, U.K.), anti-65 kDa plant MAP (Jiang and Sonobe 1993) or anti-smooth muscle actin (Sigma Chemical Co. Ltd., St. Louis, MO, U.S.A.) followed by detection with horseradish peroxidase (HRP)-conjugated antibody against mouse IgG. To detect polypeptides which were recognized by RCA-I, HRP-conjugated RCA-I (10 mg ml -1 , EY Laboratories, Inc., San Mateo, CA, U.S.A.) were used. Antibodies against a 49 kDa protein and g-tubulin were kindly provided by Dr. S. Hasezawa of the University of Tokyo and Dr. T. Horio of Tokushima University, respectively.
Results
Preparation of PM vesicles
Protoplasts of BY-2 cells were gently homogenized in the presence of taxol and the homogenate was then centrifuged in a Percoll solution. A continuous density gradient was formed during centrifugation in Percoll and the homogenate was separated according to density. The homogenate of BY-2 protoplasts was usually separated into four layers. We examined each layer by electron microscopy. The top layer contained homogeneous vesicles with a lightly-stained membrane. Considering the low density of this fraction, these vesicles were supposed to be derived from tonoplasts. The second layer contained relatively homogenous vesicles with a densely-stained membrane (Fig. 1 ). Many MTs with a sheet-like structure were associated with the inner surface of the vesicles (Fig. 1a,  arrows) . Cross-bridge structures were observed between MTs and the membrane (Fig. 1b, an arrow) , and between neighboring MTs (Fig. 1b, arrowheads) . These structures were consistent with those of CMTs, and were considered to be vesicles derived from PM. There were many more MTs within a sheetlike bundle than CMTs in cells. MTs free from PM vesicles were not observed. The third layer contained nuclei and mitochondria, and the lowermost layer with a bright yellow color contained proplastids.
To examine whether PM vesicles were concentrated in the second layer after centrifugation in Percoll or were also present in other fractions, we stained each fraction with a Rhodamineconjugated RCA-I. RCA-I was found to bind to the outer surface of BY-2 protoplasts (Fig. 2a, b) . Aggregates of vesicles in fraction 2 were stained with Rhodamine-RCA-I (Fig. 2c, d, g,  h) , while aggregates in other layers were not stained (Fig. 2e , f). Higher magnification revealed (Fig. 2g, h ) staining of the surface of the vesicles in the second layer. These results supported our conclusion that the second layer contained vesicles derived from PM and that they retained cortical MTs. Fig. 3 shows electron micrographs of negatively stained PM vesicles. MTs free from vesicles were not observed in the fraction of the second layer (Fig. 3a) . MT bundles appeared when samples were treated with 1% Triton X-100 before staining (Fig. 3b, c) , suggesting that the MT bundles were released from PM vesicles.
Isolation of CMTs
CMTs were isolated from PM vesicles by solubilizing the vesicle membrane with 1% Triton X-100. After solubilization, CMTs were collected by centrifugation through a cushion of 50% glycerol. Fig. 4 shows electron micrographs of the isolated CMTs. They showed a sheet-like structure (Fig. 4a , arrows) and cross-bridge structures between MTs were retained (Fig. 4 b, an arrowhead) . The protein composition of the CMT isolated with 1% Triton X-100, was examined by immunoblot analysis. In the presence of taxol, tubulin, a band around 50 kDa, was concentrated in the isolated CMT (Fig. 5, lane 1) . Tubulin, the 65 kDa MAP, actin and a 130 kDa polypeptide recognized by RCA-I were detected in the isolated CMTs (Fig. 5, lane 3-6 ). Other proteins reported to colocalize with CMT, such as a 49 kDa protein (EF1-=; Nagata 1993, Durso et al. 1996) and C-tubulin (Liu et al. 1993) were not detected in this fraction (data not shown). To identify MAPs responsible for the organization of CMTs, we tried to co-purify such proteins by temperaturedependent cycling of MTs. After 1-cycle of disassemblyassembly, MTs still formed bundles and some of them showed a sheet-like array similar to CMTs (Fig. 6) . However, the distance between neighboring MTs was much shorter (2-3 nm) than that (about 30 nm) observed in cells and PM vesicles and in isolated CMTs (see Fig. 7) . A high salt extract of cycled CMTs contained four kinds of polypeptides, 190, 120, 85 and 65 kDa (Fig. 7, lane 4) . The 65 kDa polypeptide was identified as the 65 kDa MAP by immunoblot analysis on the cycled CMTs (data not shown). Neither actin nor the 130 kDa RCA-I binding polypeptide were detected in the cycled CMTs (data not shown).
Discussion
We succeeded in preparing PM derived vesicles with which CMTs were still associated. To preserve CMTs, it was important to carry out the preparation at room temperature in the presence of taxol. These conditions were expected to prevent MTs from depolymerizing. In fact, the number of MTs in PM vesicles prepared in the absence of taxol significantly decreased (data not shown). SDS-PAGE also indicated a significant effect of taxol on the recovery of tubulin in isolated CMTs (Fig. 5) . Although there are some reports of co-isolation of PM and cytoskeletons from higher plant cells (Abe et al. 1992 , Faraday and Spanswick 1993 , Sonesson and Widell 1993 , we clearly demonstrated the presence of CMTs on PM. CMTs were always observed on the inner surface of PM vesicles. In addition, PM vesicles were stained with RCA-I. These results indicate that the topology of PM vesicles is right-side out.
CMTs of BY-2 cells were observed as single MTs as well as groups of 2-6 MTs, whereas those in PM vesicles formed a sheet-like structure consisted of around 10 MTs in many cases (Fig. 4) . Disorientation of CMTs during preparation of protoplasts was reported (Lloyd et al. 1980 , Hasezawa et al. 1988 and taxol was expected to maintain the parallel orientation of CMTs (Melan 1990 ). In our protocol, taxol was not present during preparation of protoplasts. We suppose that taxol tubulin assembly should be induced in the cytoplasm when protoplasts were suspended in homogenizing solution which contained taxol (De Brabander et al. 1981 ) and newly formed MTs should attach to PM. Newly formed MTs are thought to be connected by cross-bridge structures to PM and neighboring MTs. The observation that almost all of the CMTs in PM vesicles were associated with PM through cross-bridge structures might suggest the general presence of sites to which CMTs attach on the inner surface of PM. Cross-bridge structures between MTs were retained in the isolated CMTs and this fraction contained the 65 kDa MAP. As reported previously (Jiang and Sonobe 1993) , the 65 kDa MAP induced MT bundles in vitro and MTs in the bundles showed a sheet-like structure. Therefore, we supposed that the 65 kDa MAP might be involved in the formation of cross-bridge structures between CMTs. However, the distance between MTs in the bundle formed by the 65 kDa MAP was 2-3 nm, which was much shorter than that (30-35 nm) observed in isolated PM vesicles ( Fig. 1 ) and isolated CMTs (Fig. 4) , and that reported previously (Hardham and Gunning 1978 , Seagull and Heath 1980 , Lancelle et al. 1986 , Giddings and Staehelin 1988 . The same situation was observed in the cycled CMTs (Fig. 6) . Recently, Chan et al. (1999) reported that the carrot 65 kDa MAP family formed cross-bridge structures between MTs with 20-30 nm spacing. It is difficult at present to answer why only short cross-bridge structures were observed in the MT-bundles induced by purified 65 kDa MAP and in the cycled CMT in our hands. One possible explanation was that the 65 kDa MAP might be modified during preparation. In the preliminary experiments, we found that the 65 kDa MAP was phosphorylated by endogenous kinase. In BY-2 cells, the phosphorylation state of the 65 kDa MAP might be unstable compared to that in carrot cells.
Tubulin, the 65 kDa MAP, actin were detected in the isolated CMT by immunoblot analysis. Although the 65 kDa MAP has been already shown to colocalize with CMTs by immunofluorescence microscopy (Jiang and Sonobe 1993) , the present study provided biochemical evidence for its association with CMTs. Because actin filaments are known to colocalize with CMTs in higher plant cells (Parthasarathy et al. 1985 , Kakimoto and Shibaoka 1987 , Sonobe and Shibaoka 1989 , Tominaga et al. 1997 , it is not surprising that actin was detected in the isolated CMTs. However, the amount of actin was substantially small compared to that of tubulin and no actin filaments were observed by electron microscopy. These results suggest that most of the actin filaments were destroyed during preparation of CMTs, or during fixation for electron microscopy, because actin filaments are very labile to fixatives such as aldehyde and osmium tetroxide (Kakimoto and Shibaoka 1987) . Sonesson and Widell (1993) reported the presence of actin in isolated PM. There is a possibility that nonfilamentous actin is involved in PM, although its function is not clear. Akashi and Shibaoka (1991) suggested that the crossbridge structures between PM and CMTs are associated with a transmembrane protein. The 130 kDa polypeptide recognized by RCA-I may be a candidate for the transmembrane protein and it might be associated with CMTs through denatured crossbridge structures after 1% Triton X-100 extraction, because the 130 kDa polypeptide was not detected in the cycled CMT. Considering these results, Triton X-100 should be substituted by another detergent for identification of cross-bridge structures between CMTs and PM.
We found four polypeptides, 190, 120, 85, 65 kDa, to copolymerize with cycled CMTs. Chan et al. (1996) reported a 120 kDa MAP in cultured carrot cells. Immunofluorescence microscopy revealed that the 120 kDa MAP colocalized with all MT arrays including CMTs as was the case for the 65 kDa MAP. Being different from the 65 kDa MAP, the 120 kDa MAP on CMT exhibited a punctate localization pattern. This may reflect the difference between the 65 kDa and the 120 kDa MAPs, particularly in terms of the total amount of each MAP on CMTs. In addition to colocalization with MT arrays, the 120 kDa MAP was present on the surface of the nucleus. Because MT-nucleating activities were found on the nuclear surface and some plant MAPs were involved in such activities (Vantard et al. 1990 , Zhang et al. 1990 , Mizuno 1993 , Stoppin et al. 1994 , Kumagai et al. 1995 , the 120 kDa MAP may have a role in MT nucleation. On the other hand, a kinesin-related protein, TKRP 125, was reported to be present on CMTs (Asada et al. 1997) . Other polypeptides reported to colocalize with CMTs were a 76 kDa protein in carrot (Cyr and Palevitz 1989) and a 90 kDa polypeptide in tobacco BY-2 cells (Marc et al. 1996) . Because the latter was obtained by solubilization of a membrane fraction, it may be a good candidate for cross-bridge structures between CMTs and PM. It is important to examine whether the 90 kDa polypeptide is contained in the isolated CMTs. A tau-related protein, a 83 kDa polypeptide, was found in maize (Vantard et al. 1991) , but its distribution in situ was not clear. MAPs with a high molecular mass, such as 190 kDa or higher, have not been reported previously. Recently, we found a 190 kDa protein which binds to both actin and MTs (Igarashi et al. 2000) . However, it is localized in nucleus in interphase BY-2 cells and antibody against the 190 kDa polypeptide did not recognize the 190 kDa polypeptide in the isolated CMTs.
In this paper, we demonstrated that plasma membrane vesicles to which CMTs attached could be obtained by one-step centrifugation in a Percoll density gradient and that CMTs could be isolated from the vesicles. Although the regulatory mechanism of CMT organization remains to be elucidated, the present experimental procedure established for isolating PM vesicles and CMT should be a powerful tool for biochemical studies on phenomena occurring around the plasma membrane in plant cells.
